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Abstract. Using both the Arecibo 305m and the Nangay decimetric 100-m class radio telescopes, we have observed 
the Hi line of 116 Low Surface Brightness (LSB) galaxies from the Bothun et al. 1985 subset of LSB galaxies in 
the Uppsala General Catalog. The observations had a detection rate of 70%, resulting in the new determination 
of Hi properties for 81 galaxies. Surprisingly, roughly half of the detected objects (38) have Mhi > 10^" M0, 
placing them into the category of massive LSB galaxies. As previously only ~18 of these 'Malin 1 cousins' were 
known, our results have more than tripled the number of these fascinating and enigmatic systems known. 
Combining our results with previous studies done on the Bothun et al. catalog results in a well-defined catalog 
of Hi properties of 526 LSB galaxies ranging in redshift space from < 2: < 0.1. With this catalog in hand, 
we have been able to explore the parameter space occupied by LSB galaxies more completely than has been 
previously possible. In agreement with previous studies, our results show LSB galaxies with some of the most 
extreme properties of disk galaxies, including Mhi/^b ratios often exceeding 10 Mq/Lq^b. 
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Low Surface Brightness (LSB) galaxies, those objects with 
central surface brightness at least one magnitude fainter 
than the night sky, are now well established as a real class 
of galaxies with properties distinct from those that define 
the Hubble Sequence (e.g. Impey & Bothun 1997 Bothun 
et al. ll997l and references therein). Yet considerable uncer- 
tainty still exists as to both the range in properties of these 
galaxies and their number density in the z < 0.1 Universe. 
As LSB galaxies encompass many of the 'extremes' in 
galaxy properties, gaining a firm understanding of LSB 
galaxy properties and number counts is vital for testing 
galaxy formation and evolution theories. Additionally, in 
this era of precision cosmology (e.g. Spergel et al. l2003ll it 
becomes increasingly important to determine the relative 
amounts of baryons that are contained in galaxy potentials 
compared to those that may comprise the Intergalactic 
Medium. As long as the possibility exists that optical and 
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baryonic luminosity functions are significantly biased to- 
ward galaxies with relatively high surface brightness, we 
will not be able to obtain a clear understanding of the 
percentage of baryons which lie in galaxies. 

The 'traditional' perception of LSB galaxies is that 
they are low mass, fairly blue systems with relatively high 
Mni/i^B values and low metallicities (Bergmann et al. 
I2M! Bell et aLCnnni Gerritsen & de BlokUHMI de Blok 
et al. 1995). Consequently, LSB galaxies are often equated 
with young dwarf galaxies (Dekel & Woo 120031 Cabanela 
& Dickey 2002; Jimenez et al. I1998|l . However, the sim- 
ple, consistent, and repeatable observation that LSB disk 
galaxies can be found at any value of circular velocity 
(or total mass) is often under-appreciated, reinforcing the 
erroneous perception that LSB galaxies are strictly low 
mass systems. The current set of observations for all LSB 
galaxies shows them to have a remarkably diverse array 
of properties: 

— Very red LSB galaxies have been found by optical sur- 
veys searching in both the B and V optical bands 
(Burkholder et al. IMm O'Neil et aJ. nWjl : 
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— Recent Hi surveys by, e.g. Burkholder et al. H2Ul)l|l 
and O'Neil et al. H2000(l show no tendency toward LSB 
systems having lower than average H i masses and/or 
total dynamical masses. The LSB sources with H i de- 
tections in Burkholder et al. H2U(J1|I . for example, have 
on average {log{MHi/MQ)) = 9.0 ± 0.6, compared to 
{log{MHi/MQ)) = 9.4 ± 0.6 for that survey's High 
Surface Brightness (HSB) galaxy sample - both sam- 
ples have the same mean and range of values of circular 
velocity; 

— A number of massive (M-hi > lO^'^M©) LSB systems 
have been found, including Malin 1 - the largest disk 
galaxy known to date (Matthews et al. 1200 II Pickering 
et al. lTMTI Davies et al. nMSl Sprayberry et al.[T^); 

— Although the average LSB galaxy does have lower 
metallicities than the average HSB galaxy, LSB galax- 
ies with near-solar abundances have been found (Bell 

mm : 

— While many LSB systems with extremely high 
Mhi/^b values have been found, the argument that 
{Mhi/Lb)lsb > {Mhi/Lb)hsb may be due more 
to the nature of the Hi LSB galaxy surveys - since 
redshifts for LSB systems are often found by search- 
ing in H I, LSB galaxies without detectable quantities 
of Hi do not make it into databases, artificially rais- 
ing the value of {Mhj/Lb)lsb- Countering this trend, 
the recent survey of Burkholder et al. H2001|l obtained 
optical redshifts for a large sample of LSB galaxies 
which were also observed in Hi. The resultant catalog 
contains LSB systems with Mhi/^b as low as 10~^ 
Mq/Lq,s. 

While none of the above results contradict the idea 
that the average LSB galaxy is less evolved than the aver- 
age HSB galaxy, they do show that we have not yet come 
close to fully sampling the LSB galaxy parameter space. 
In addition, it should be emphasized that there may still 
be large numbers of LSB galaxies with properties beyond 
our present detection limits (e.g. Sabatini et al. l2003|l . 

One issue related to the study of LSB galaxies lies in 
their potential contribution to the total baryonic content 
of the Universe. A wide variety of data and opinions have 
been offered on this topic. Blind H i surveys, such as those 
done by Kilborn et al. H2()()2(l . Rosenberg & Schneider 
Pin?7|l . Kraan-Korteweg et al. ifB^MjI . Knezek (T^W) and 
Zwaan et al. H1997|l detect no massive LSB galaxies in the 
local (z H, 0.025) Universe, leading to the conclusion that 
LSB galaxies could not be significant contributors to the 
local Hi mass function (HIMF) and subsequently to the 
baryonic mass function. Similar conclusions have also been 
reached based on optical surveys (e.g. Blanton et al.EnOS 
Cross et al. 2001) . Such a conclusion, however, is valid 
only if one believes that a fair and representative volume 
of the Universe has been probed in both the optical and 
21-cm bands, and that the properties of the objects found 
in these surveys is well understood. 

The analysis of the WMAP results have provided a 
precision measure of the total baryonic content of the 



Universe, albeit in a model dependent way. In normalized 
units, the contribution of baryons to the total energy den- 
sity of the Universe is 4.5%. This contribution is 12 times 
higher than that which is contained in optically selected 
catalogs of galaxies which do not contain LSB galaxies 
(ShuU 1^0051 Bothun IM75JI which either means that a) 
we are missing most of the galaxy population in our cur- 
rent catalogs, or b) 95% of the baryonic content of the 
Universe is in the (presumably warm) IGM. At present, 
the needed baryons in the warm IGM (alternative b) re- 
main undetected. Moreover, the best fitting 6-parameter 
WMAP model contains a curious result - the global ratio 
of baryonic energy density to dark matter energy density 
is 0.19. This is two times larger than the baryonic mass 
fraction that is typically found in disk galaxies from anal- 
ysis of rotation curves and clearly implies the existence 
of undetected baryons. It is possible that the undetected 
population is LSB galaxies. 



It has been repeatedly shown that the question of how 
much a galaxy type contributes to the baryon (and mat- 
ter) density in the Universe is twofold - what is the num- 
ber density of massive galaxies of that type, and what 
is the slope of the low mass luminosity/baryon density 
function. Whereas numerous surveys are (and have been) 
undertaken to address the latter question (e.g. Sabatini 
et al. 120031 Mobasher et al. 12003(1 , here we aim to look 
into the former. In a nutshell, we would like to examine 
the questions "How many massive LSB disk galaxies are 
in the z < 0.1 Universe, and what are their properties?" 



To shed light on these questions, we have re- 
investigated one of the first surveys designed to measure 
the space density of LSB galaxies. Bothun et al. ((1985|l 
measured H I masses and redshifts for a well-defined sam- 
ple of LSB galaxies chosen from the UGC (Nilson I1973|l . 
While that survey was reasonably successful, there were 
a significant number of 21-cm non-detections which in- 
dicated the presence of either a gas poor population of 
LSB disks or large LSB disks beyond the redshift sensi- 
tivity limit of the survey (about 12,000 km s~^). The pri- 
mary impetus behind our re-investigation, then, was the 
upgrade of the 305m Arecibo telescope. With its improved 
sensitivity, baselines, and spectrometer, the Arecibo tele- 
scope is able to cover a much larger region of velocity space 
with higher sensitivity than has previously been achiev- 
able at 21-cm. Consequently, we chose re-examine Bothun 
et al.'s original Hi catalog, compiling all objects with pub- 
lished Hi properties (both those detected in the original 
catalogs and those which were not) and re-observing the 
objects which were originally not detected. The end re- 
sult is a well-defined catalog of H i properties of 526 LSB 
galaxies ranging in redshift space from < z < 0.1. With 
this catalog in hand, we are more fully able to explore the 
parameter space occupied by LSB galaxies. 
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2. Catalog selection 

The objects chosen for observation were taken from the 
sample of LSB galaxies selected from the UGC by Bothun 
et al. H1985|l . which meet the following criteria: 

— Morphological type (as given in UGC) of Sb or later; 

— Blue surface brightness of (/x) = mpg + 5 log(D) + 
8.89 — 0.26 > 25.0 mag arcsec^^ (where ijipg is the 
photographic magnitude from the UGC, D is the di- 
ameter in arcmin, 8.89 is the conversion from arcmin to 
arcsec, and 0.26 is an average conversion from uipg to 
ms.) This definition, used by Bothun et al. l|1985|l . is 
typically equivalent to the more commonly used clas- 
sification of a galaxy as LSB if it has ^"^'^^'''"'"^ >23.0 
mag arcsec"^, although the uncertainty of this equa- 
tion, combined with the high error of the UGC magni- 
tudes (±0.5) means this catalog may contain objects 
with central surface brightnesses as high as ^13,0 = 22 
mag arcsec"^. 

— Declination in the range 0°-36°. 

A total of 1865 galaxies meet the above criteria. Of 
these, 571 were randomly selected and observed by Bothun 
et al. H1985|l with 334 being detected (and later confirmed) 
in Hi. In the intervening years, 107 of the galaxies not 
originally detected by Bothun et al. have had their Hi 
properties published in the literature. The remaining 130 
objects break down as follows: 

— 4 galaxies were rejected from the catalog due to being 
part of an interacting group (UGC 3737, UGC 11564, 
UGC 11027, and UGC 11057); 

— 15 of the objects listed as detections by Bothun et al. 
I|1985|l were not confirmed by follow-up observations 
and are considered non-detections for this paper; 

— 86 galaxies from the original list were observed for this 
paper; 

— The remaining 25 galaxies, all of which were listed as 
non-detections by Bothun et al. H1985|l were not ob- 
served for this paper (due to scheduling restrictions), 
and have had no other follow-up Hi observations. 

To compensate for the 'missing' galaxies, an additional 
24 galaxies, randomly chosen from the original catalog of 
1865 objects, were observed. Additionally, 6 LSB galax- 
ies from the catalog of O'Neil et al. H1997|l which fit into 
the scheduled observing time on the Arecibo telescope 
were also observed. The final result is a catalog of 561 
Hi observations of LSB galaxies, 116 of which are new 
observations. A complete list of the 116 newly observed 
galaxies and their optical properties is given in Table Q 
&I21 The Hi and optical properties of all other galaxies, 
both those originally detected by Bothun et al. H1985|l and 
those later detected in the literature, can be found on-line 



at http://www.gb.nrao.edu/~koneil/data. 



3. Observations 

For efficiency, observations were made using both the 
Arecibo 305m and the 100-m class Nangay radio tele- 



scopes. Details of observations with the individual tele- 
scopes are given below, published properties of the galax- 
ies are given in Table ^ and a complete listing of the 
observations is given in Table El 



3.1. Arecibo Observations 



Observations with the Arecibo 305m telescope were taken 
between 16 May, 1999 - 02 April, 2002. Data was taken 
using the L-wide and L-narrow receivers and two sepa- 
rate polarization channels. Two different correlator set- 
ups were used - one for galaxies with published velocities 
and one for galaxies whose velocity was unpublished at the 
time of the observations. The objects without published 
velocity were observed using four 50MHz band passes with 
2048 lags and 3-level sampling, giving an unsmoothed res- 
olution of 5.2 km/s at 1420 MHz. The frequency range 
covered for these observations was either 1270 - 1425MHz 
or 1238 - 1423MHz. (Two different frequency ranges were 
used due to the increasingly frequent presence of a strong 
radar at ~1240 - 1260 MHz.) In both cases sufficient over- 
lap was given to the individual correlator boards to effec- 
tively eliminate any problems which otherwise may have 
arisen due to poor performance in the outer 50 channels 
of each correlator. 

If an observed galaxy already had a published velocity, 
only two correlator boards were used. In this case each 
board was centered at the galaxy's redshifted Hi line, 
recorded a separate polarization channel, and had a to- 
tal of 2048 lags across its 12.5 MHz band. Here, all the 
data had 9-level sampling. 

All Arecibo data was observed in position-switched 
mode, with a minimum of one 10 minute on- and off-source 
observation pair taken of each galaxy, followed by a 20 sec- 
ond ON/OFF observation of a calibrated noise diode. In 
most cases a galaxy was observed at least twice using this 
method, and often as many as 4-6 times. System temper- 
atures were obtained from the noise diode observations, 
using the predetermined temperature values from Arecibo 
(available on-line at 'http://www.naic.edu). A gain curve 
for the telescope was obtained through reducing all obser- 
vations taken of standard continuum calibrators, by any 
project, during the observing period. A complete descrip- 
tion of the procedures used to determine the gain curve in 
this manner can be found in Heiles H2001|l . Additionally, 
observations were made of standard continuum calibrators 
every 2-3 hours during the project observations, with the 
results checked against the determined telescope gain, to 
insure no anomalous behavior occurred in the hardware 
during observations. As a result we can confidently state 
that the calibration corrections are good to within 10% 
(and often much better). A thorough discussion of the er- 
rors involved can be found in O'Neil (1200411. 
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Fig. 1. H I spectra of all detected galaxies, excluding cases of possible confusion. Channel resolution is given in TableEl 
The velocity scale is heliocentric and according to the conventional optical definition. 
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Fig. 1. cont. Hi spectra of all detected galaxies, excluding cases of possible confusion. Channel resolution is given in 
Table 
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Fig. 1. cont. Hi spectra of all detected galaxies, excluding cases of possible confusion. Channel resolution is given in 
Table 
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Fig. 2. Hi spectra of all detected galaxies which may suffer from confusion. Channel resolution is given in Table El 



3.2. Nangay Observations 

The Nangay decimetric radio telescope, a meridian transit- 
type instrument of the Kraus/Ohio State design, consists 
of a fixed spherical mirror (300 m long and 35 m high), 
a tilt-able flat mirror (200x40 m), and a focal carriage 
moving along a curved rail track. Sources on the celes- 
tial equator can be tracked for approximately 60 minutes. 
The telescope's collecting area is about 7000 m^ (equiva- 
lent to a 94-m diameter parabohc dish). Due to the E-W 
elongated shape of the mirrors, some of the instrument's 
characteristics depend on the declination at which one 
observes. At 21-cm wavelength the telescope's half-power 
beam width (HPBW) is 3'5 in right ascension, indepen- 
dent of declination, while in the north-south direction it 
is 23' for declinations up to ~20°, rising to 25' at i5= 40° 
(see also Matthews & van Driel 2000). Although the in- 
strument's effective collecting area and, consequently, its 
gain, follow the same geometric effect, decreasing corre- 
spondingly with declination, this effect is negligible for 
the declination range of the objects in our sample. All 
observations for our project were made after a major ren- 
ovation of the instrument's focal system (e.g., van Driel et 
al. 11997(1 which resulted in a typical system temperature 
of 35 K. 

The observations were made in the period of January - 
December 2002. using a total of 59 hours of telescope time. 
We obtained our observations in total power (position- 
switching) mode using consecutive pairs of 40 seconds on 
and 40 seconds off-source integrations. Off-source integra- 
tions were taken at a position about 20' E of the target 
position. 



Only galaxies with published redshifts were observed 
at Nangay. For all observations the autocorrelator was di- 
vided into 1 pair of cross-polarized receiver banks, each 
with 4096 channels and a 25 MHz bandpass, resulting in 
a channel spacing of 1.3 km s~^. The center frequencies of 
the 2 banks were tuned to the redshifted H i line frequency 
of the target source. These spectra were boxcar smoothed 
to a channel separation of 17.1 km s~^ during the data 
reduction in order to increase signal-to-noise. 

Flux calibration, i.e., the conversion of observed sys- 
tem temperatures to flux densities in mJy, is determined 
for the Nangay telescope through regular measurements of 
a cold load calibrator and periodic monitoring of strong 
continuum sources by the Nangay staff. Standard cali- 
bration procedures include correction for the above men- 
tioned declination-dependent gain variations of the tele- 
scope (e.g., Fouque et al. I1990fl . Additionally, a number 
of standard calibrator galaxies were observed throughout 
our observing runs, showing the gain used to be within 
10%. 



In order to reduce the effect of radio frequency in- 
terference (RFI) in our observations, we used an off- 
line RFI mitigation program, which is part of the stan- 
dard NAPS software package, see Monnier Ragaigne et 
al. (2003) for further details. It should be noted, however, 
that not all unwanted emissions could be elimination us- 
ing this method and that residual signals frequently occur 
around 4700, 8300, 9500, 11300 , 12700 and 13600 km s^^ 
(Monnier- Ragaigne et al. I2()()3|l . 
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Fig. 3. The fractional distribution of velocity widths (at 20% of the peak, and corrected for inclination, left) and H i 
masses (right) for all the galaxies in this survey. In both plots, the new detections are shown by the solid black line 
while the results from all LSB UGC galaxies in this study are shown as the dashed line. Additionally, the results from 
a similar H i survey done by Giovanelli & Haynes lP"993) of HSB CGCG galaxies is shown by the thick gray line. In 
the plot on the left, the inclination correction applied is simply W^q'^'" = W2o/sin(z). To avoid over-correction, any 
inclination less than 30° has been set to 30° for the purpose of this correction. Note that the extremely high values of 
W20'''' may be due to an underestimate of the galaxy's inclination (see Figure 01 . 



4. Observational results 

Results of the Arecibo and Nangay observations are given 
in Tables [3 and 13 and the spectra of all detected galaxies 
are given in Figures ^ and Figures [3 Notes on the indi- 
vidual galaxies can be found in Appendix A. 

Table[5]lists all galaxies observed, as well as the search 
range, resolution, telescope used, RFI encountered, and 
the r.m.s. of the RFI-free regions of the spectra. Table O 
lists all observed galaxies which were detected in Hi. 
Table O is laid out as follows: 



Column 1: The galaxy name; 

Column 2: The heliocentric velocity as measured by 
our observations; 

Column 3 & 4: The uncorrected velocity widths at 
20% and 50% of the peak or average height of the two 
peaks (when applicable); 

Column 5: The total measured H i line flux of the 
galaxy; 

Column 6: The total Hi mass of the galaxy, as- 
suming Ho=75 km s^^ Mpc^^ and obtained us- 
ing the standard formula Mhi/Mq = 2.356 x 



10' 



(v[km s 
Ho[kms-i M; 



Mpc- 



/S^[Jy]di 



Column 7: All previously measured velocities of the 
galaxy, as found in the literature; 
Column 8: Any notes on the observation regarding 
potential confusion with other sources. Notes are given 
in Appendix A. 



FiguresirniandlTTIshow the distribution of the Hi mass 
and corrected H i line width for the objects in the survey 
against distance. For comparison, the plots also included 
all other massive LSB galaxies found in the literature, as 
well as three other Arecibo H i surveys - the 'blind' H i sur- 
veys of Zwaan et. al ijl997|l and Rosenberg & Schneider 

m 



and a similar survey to look for high surface bright- 
ness CGCG galaxies done by GiovaneUi & Havnes l)1993|l . 

5. H I and Stars in LSB Galaxies 

Figures 13 - 13 show the distribution of the H i and opti- 
cal properties of the galaxies in the Bothun et al. I)1985|l 



catalog for which we have new measurements. From these 
figures it is clear that the dynamic range of physical prop- 
erties of LSB disks is large. That is, the UGC LSB galaxy 
catalog described herein has objects with H i masses rang- 
ing from 6 < log(MHi/MQ) < 11, observed velocity widths 



of 55 < W20 < 638 km s~ 



(58 



< 



TI7COr 

"20 



< 



1276), 



and Hi mass-to-luminosity ratio within the range 0.04 < 
Mhi/Lb < 44 M0/L0_B. Thus, we have a catalog of LSB 
disk galaxies which range from dwarf through massive 
galaxies, and include objects which are both gas-rich and 
gas-poor. 

Examining FiguresOl-iniit is clear that while our UGC 
LSB galaxy sample has similar gas and dynamical masses 
to that found with HSB galaxies, the M^z/Ls ratios in the 
LSB galaxies of this survey are much higher than in typi- 
cal HSB galaxies. More specifically, the median H i mass of 
the galaxies in this survey is 4 x 10^ Mq, close to the me- 
dian of 3 X 10^ Mq found in a similar survey of HSB galax- 
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Galaxy 


mpgt 


(MB>t 


D25t 


Typet 




Galaxy 


mpgt 


(MB)t 


D25t 


Typet 


*t 


UGC 00126 


15.7 


24.5 


1.1 


S 


26 


UGC 06557 


16 


24.6 


1 


Pec 


26 


UGC 00134 


17 


25.6 


1 


SIV-V 





UGC 06559 


15.7 


25.4 


1.7 


Sc 


86 


UGC 00189 


17 


26.0 


1.2 




43 


UGC 06748 


16 


24.6 


1 


S 


37 


UGC 00266 


16 


24.8 


1.1 


s? 


50 


UGC 06842 


16.5 


25.5 


1.2 


S 


41 


UGC 00293 


17 


25.8 


1.1 




71 


UGC 06897 


16 


25.0 


1.2 


SBc 


65 


UGC 00424 


18 


26.6 


1 







UGC 06913 


15.3 


25.0 


1.6 


Sb 


60 


UGC 00667 


17 


26.0 


1.2 




50 


UGC 06947 


16.5 


25.1 


1 


Sc 


84 


UGC 00795 


16.5 


25.1 


1 


SbO 




UGC 07084 


14.9 


24.6 


1.6 


s 


51 


UGC 01122 


17 


25.8 


1.1 


Sc 


35 


UGC 07369 


14.7 


23.3 


1.0 


E 





UGC 01362 


18 


25.6 


1 


Dwrf Sp 





UGC 07388 


16 


24.6 


1 


SB 


37 


UGC 02299 


17 


25.6 


1 


SA(s)dm 


27 


UGC 07425 


16.5 


25.5 


1.2 


Sd 


34 


UGC 02580 


18 


26.6 


1 


Pec 





UGC 07437 


16 


24.8 


1.1 


SBc 


60 


UGC 02588 


17 


25.6 


1 


Irr 





UGC 07438 


16 


25.5 


1.5 


Sdm 


75 


UGC 02641 


17 


26.0 


1.2 


Sdm 


65 


UGC 07457 


16 


25.0 


1.2 


S 


65 


UGC 02671 


17 


26.0 


1.2 


SAB(s)d 





UGC 07598 


15.6 


25.1 


1.5 


SBc 





UGC 02741 


16.5 


25.7 


1.3 


S? 





UGC 07630 


16.5 


26.0 


1.5 


Dwrf Ir 


48 


UGC 02796 


16.5 


26.0 


1.5 


She 


73 


UGC 07770 


16.5 


25.3 


1.1 


Sc 


84 


UGC 02797 


16 


25.0 


1.2 




41 


UGC 07928 


14.4 


23.0 


1.0 


Sab 


48 


UGC 02856 


17 


25.6 


1 


Sb 


71 


UGC 07929 


17 


25.6 


1 


Dwarf 


46 


UGC 03119 


16.5 


25.5 


1.2 


Sbc 


69 


UGC 07934 


16 


25.0 


1.2 


S 


60 


UGC 03225 


16.5 


25.3 


1.1 


S 


63 


UGC 08081 


17 


25.6 


1 


Dwarf 


72 


UGC 03308 


16.5 


25.1 


1 


Sc 





UGC 08171 


15.3 


23.7 


0.9 


Sd 


26 


UGC 03585 


14.7 


23.3 


1.0 


Sc 


35 


UGC 08311 


15.2 


23.3 


0.8 


S? 


37 


UGC 03710 


15.6 


24.8 


1.3 






UGC 08637 


14.4 


23.2 


1.1 


SA(s)d 





UGC 03790 






0.8 


SB? 


67 


UGC 08644 


16 


24.8 


1.1 


Sdm 


25 


UGC 04109 


14.5 


23.3 


1.1 


SB(r)b 


24 


UGC 08762 


17 


26.8 


1.7 


SB(s)d 


50 


UGC 04131 


15.7 


25.1 


1.4 


SBc 


50 


UGC 08799 


16.5 


25.7 


1.3 


Im? 


48 


UGC 04144 


15.6 


24.4 


1.1 


Sc 


83 


UGC 08802 


17 


26.2 


1.3 


Sc 


63 


UGC 04288 


17 


25.6 


1 


SO 


37 


UGC 08904 


16 


25.9 


1.8 




44 


UGC 04496 


15.7 


25.8 


2.0 


Sc 


84 


UGC 09008 


14.6 


23.2 


1.0 


SAd 





UGC 04831 


15.0 


23.6 


1.0 


SABd 





UGC 09010 


15.1 


23.5 


0.9 


Sd 


37 


UGC 05009 


14.8 


23.6 


1.1 


Scd 


35 


UGC 09238 


16 


25.2 


1.3 


Sc 


67 


UGC 05211 


15.5 


24.1 


1.0 







UGC 09243 


15.6 


25.1 


1.5 


Sc 


58 


UGC 05361 


16 


24.6 


1 







UGC 09513 


15.4 


24.2 


1.1 




35 


UGC 05440 


16.5 


25.7 


1.3 


Sd 


65 


UGC 09676 


15.7 


24.5 


1.1 


SBc 


43 


UGC 05583 


16 


24.6 


1 


Sb 


78 


UGC 09680 


16.5 


25.7 


1.3 


Scd 


81 


UGC 05592 


15.7 


24.5 


1.1 


Sc 


43 


UGC 09767 


14.2 


22.8 


1.0 


BCG 


26 


UGC 05679 


15.4 


25.2 


1.7 


S 


69 


UGC 09770 


14.9 


23.7 


1.1 


SABb 


43 


UGC 05710 


16 


25.9 


1.8 


S 


74 


UGC 10217 


16.0 


24.6 


1.0 


SBb 


36 


UGC 05743 


16 


24.8 


1.1 


Sc 


71 


UGC 10365 


16.0 


24.6 


1.0 


S 


73 


UGC 05769 


15.4 


24.2 


1.1 




25 


UGC 10377 


17 


26.4 


1.4 


Pec? 


69 


UGC 05770 


15.4 


24.0 


1.0 







UGC 10673 


16 


25.7 


1.6 




64 


UGC 05785 


15.4 


23.3 


0.7 


s? 


60 


UGC 10674-1 


15.5 


25.3 


1.7 


S 


79 


UGC 05790 


15.6 


24.6 


1.2 


s? 


24 


UGC 10674-2 


15.5 


25.3 


1.7 


S 


79 


UGC 05801 


15.7 


24.5 


1.1 







UGC 11396 


17 


25.6 


1 




60 


UGC 05828-1 


15.7 


24.5 


1.1 


Sc 





UGC 11569 


16 


24.8 


1.1 


Sc 


51 


UGC 05828-2 


14.7 


23.1 


0.9 


S? 


80 


UGC 11625 


16.5 


25.5 


1.2 


s 


24 


UGC 05930 


16.8 


20.4 


0.1 


S? 


66 


UGC 11654 


16.5 


25.1 


1 


Pec 


60 


UGC 06031 


15.7 


24.5 


1.1 


s 





UGC 11694 


15.2 


25.1 


1.8 




52 


UGC 06124 


16.5 


26.0 


1.5 


s 


82 


UGC 11742 


16.5 


25.5 


1.2 


S 





UGC 06243 


16 


24.6 


1 


Sc 


46 


UGC 11840 


17 


25.4 


0.9 


s? 


27 


UGC 06300 


15.7 


24.7 


1.2 


E 


54 


UGC 12021 


15.0 


24.0 


1.2 


Sb 


65 


UGC 06401 


14.8 


23.2 


0.9 


Scd? 





UGC 12189 


16.0 


24.4 


0.9 


SB? 


48 


UGC 06425 


15.4 


24.6 


1.3 


Sb 


23 


UGC 12359 


16.5 


26.0 


1.5 


s? 


21 


UGC 06524 


11.6 


24.8 


8.1 


SB 


63 


UGC 12424 


15.2 


24.0 


1.1 


s 


35 


UGC 06525-1 


16.9 


22.9 


0.3 


S? 


60 


[OBC97] P06-6 


18.4 


23.9 


0.3 


s 


33 


UGC 06525-2 


16.0 


22.6 


0.4 


s? 


73 


[OBC97] N02-2 


17.0 


22.4 


1.0 


s 


69 
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0.40 
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mpgt {MB>t Dast Typet if 
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[OBC97] N02-3 
[OBC97] NlQ-2 
[OBC97] AQl-1 


18.2 22.2 0.4 S 27 
16.6 22.3 0.5 S 64 
17.9 23.1 0.6 S 47 


0.30 


tFrom the UGC (Nilson 1973). 

^Surface brightness (mag arcsec"^) is ^ = rUpg + 5 log (D) 
+8.89 — 0.26; where rupg is the photographic magnitude 
from the UGC, D is the diameter in arcmin, 8.89 is the 
conversion from arcmin to arcsec, and 0.26 is an average 
conversion from mpg to ms. 
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Fig. 4. The inclination of each LSB galaxy in our sur- 
vey versus its inclination-corrected velocity width. From 
this plot it can be seen that the extremely high values of 
W2o'^'" are found when the inclinations are the lowest. This 
indicates that the inclination in those cases may be under- 
estimated, artificially increasing the values for Wao'"'^. The 
inclination plotted is that given by the UGC catalog, ex- 
cept in the cases where ?<30°. To avoid over-correction, 
any inclination less than 30° has been set to 30° for the 
purpose of the velocity width correction. 
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Fig. 5. The fractional distribution of dynamical mass for 
all the galaxies in this survey. In both plots, the new de- 
tections are shown by the solid black line while the results 
from all LSB UGC galaxies in this study are shown as the 
dashed line. Additionally, the results from a similar sur- 
vey done by Giovanelli & Haynes l|1993|l looking for H i in 
the HSB galaxies of the CGCG is shown by the thick gray 
line. 



ies from the Catalog of Galaxies and Clusters of Calaxies 
(CGCG) (Zwicky et al. [BCT|l done by GiovaneUi & Haynes 
( 1993 ). The dynamical masses are also similar, with 
(Mdy„)^!lia„ - 3 X 10" and (Mdyn)«^edia„ - 5 X 10". Yet 
the range of mass-to-luminosity ratios for the two samples 
of galaxies is quite different. The median Mhi/Lb value for 
the LSB galaxies is 2.8 Mq/Lq.b while (Mhi/Lb)^,^!^,, 
= 0.4 Mq/L0_s. The gas-to-dynamical mass ratio shows 
a similar, albeit smaller, trend with (MHi/Mdyn)modian — 
0.01 and (MHi/Mdyn)ScLn = 0.006. 

The higher Hi mass-to- luminosity ratios (Mhi/I^b) 
found for the LSB galaxies may be a strong indicator that 
the LSB systems have evolved differently from their HSB 
counterparts. This idea is by no means a new one - that 
LSB galaxies in general have high H i mass-to-luminosity 
ratios is well established. In ll982[ Romanishin et al. first 
reported that galaxies of lower surface brightness have 
Mhi/Lb values approximately 2.4 times higher than for 
similar HSB samples. This trend has continued for all 
Hi studies undertaken of these diff'use systems (e.g. de 
Blok et al.^M O'Neil et al. 011001 Schombert et al. 00011 
Burkholder et al. I2001|l indicating that LSB galaxies are 
less evolved, less efficient in their star formation, or have 
otherwise undergone a different evolutionary scenario then 
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their HSB counterparts (see, e.g., the modeling by Boissier 

et ai.Ennsi). 

However, this brings us to a logical paradox that was 
first explored by de Blok and McGaugh H1998fl . Our cal- 
culations of dynamical mass (e.g. v'^R) use the tabulated 
UGC diameter as the basis for calculating R. In general 
this diameter corresponds to an isophotal limit of 25 mag 
arcsec"^ (Cornell, et.al ll987jl . For a typical HSB galaxies 
with /^b(0) = 21.5, this isophotal radius corresponds to 
'^S optical disk scale lengths. However, for a typical LSB 
galaxy with AtB(O) — 23.5, this isophotal radius is only 1-2 
scale lengths. This means that for given values of circu- 
lar velocity, redshift, and apparent diameter, an LSB will 
have a dynamical mass which is systematically underesti- 
mated compared to that of an HSB galaxy. We estimate 
that this error could be as high as a factor of two or more. 
Therefore, if a constant number of scale lengths were used 
in the determination of the radius, the fractional H i con- 
tent of LSB disks would actually be lower than that of 
HSB disks. This is another way of saying that LSB disks 
must have a lower baryonic mass fraction than HSB disks. 
Similar conclusions, based on mass modeling of LSB galax- 
ies with rotation curves, have been reached by McGaugh 
& de Blok (TMS) and Pickering et al. ifTM^ . This lower 
baryonic mass fraction could result in different star for- 
mation histories between LSB and HSB disks. 

Indeed, Figure Ela) shows a curious correlation be- 
tween {^b) and Mhi/Lb, similar to that found by. 



e.g. Burkholder et al. H2001|l - an increasing Hi mass- 
to-luminosity ratio with decreasing surface brightness. 
Although there is a large scatter, the trend seen in this fig- 
ure is significant. In particular, the mean value of Mhi/Lb 
for (/is) = 23.0, 24.0 and 25.0 is 0.24, 0.37, and 0.55, re- 
spectively. To first order, these trends are physically rea- 
sonable. For instance, a purely gaseous disk sitting in some 
dark matter potential will have very low optical surface 
brightness and a very high gas to star ratio. However, that 
simplistic scenario would also predict a correlation be- 
tween fractional gas content and surface brightness. That 
is, as star formation begins to consume the gas and thus 
elevate the surface brightness of the disk, the fractional 
H I content of the potential would diminish. One should 
then observe the lowest values of (/is) corresponding to 
the highest values of Mni/Mdyn- However, this is clearly 
not seen as these two parameters are essentially uncorre- 
lated (Figure |Ht>). 

Thus, while the average gas-to- light ratio of galaxies 
appears to increase considerably with decreasing surface 
brightness, the average gas-to-total mass ratio does not 
show any increase. Indeed, if the dynamical masses of the 
lower surface brightness galaxies are underestimated, as 
discussed above, using accurate measurements of M-dyn 
could result in the inverse - a decrease of Mui/Mdyn with 
{hb)- If the only factor causing the Mhi/Lb — /^b corre- 
lation were a slower or less efficient evolution of LSB sys- 
tems, the correlation should be equally evident between 
(/is) and both Mni/Mdyn and Mhi/Lb. As this is not the 
case, additional possibilities for reducing the luminosity 
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Fig. 7. Surface brightness versus (inclination corrected) 
velocity widths both for all the galaxies in our LSB UGC 
sample and for the 16 massive LSB galaxies with cataloged 
H I properties (Matthews et al. 120011 Sprayberry et al. 
I1995|l . The inclination correction applied is simply Wjo'"'' 
= W2o/sin(j). To avoid over-correction, any inclination 
less than 30° has been set to 30° for the purpose of this 
correction. Note that the extremely high values of W^q'^'' 
may be due to an underestimate of the galaxy's inclination 
(see Figure^. 



of a galaxy with surface brightness while keeping the gas- 
to-total mass ratio the same must be considered. This is 
where the physical meaning of surface brightness comes 
into play, as surface brightness is the convolution of the 
mean (blue) luminosity of the stellar population and the 
average separation between the stars. One explanation of 
these trends is that the process of star formation in LSB 
disks is sufficiently different than that seen in HSB disks so 
as to reduce the natural coupling between increased blue 
luminosity and increased blue surface brightness. This can 
be accomplished (as has been suggested earlier by O'Neil 
et al. 120001 and Bothun et al. I1997|l if star formation in 
LSB disks occurs in a lower density gas environment which 
produces a larger than average separation between newly 
formed stars. 

6. Conclusions & Discussion 

Our survey, undertaken with both the Arecibo and Nangay 
radio telescopes, has resulted in the determination of H I 
properties and redshifts for 81 UGC LSB galaxies, 38 of 
which can be classified as massive 'Malin 1 cousins'. This 
has increased the number of known massive LSB galaxies 
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Fig. 6. The fractional cumulative distribution of Hi mass-to-luminosity ratio (left) and Hi mass-to-dynamical mass 
(right) for the UGC LSB galaxies. In both plots, the new detections are shown by the solid black line while the results 
from all LSB UGC galaxies in this study are shown as the dashed line. Additionally, the results from a similar survey 
done by Giovanelli & Hayncs (1993P looking for Hi in the HSB galaxies of the CGCG is shown by the thick gray line. 
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Fig. 8. Surface brightness versus Mhi /^b (left) and Mhi /Mdyn (right) for all the galaxies in our LSB UGC sample, 
as well as the 16 massive LSB galaxies with published Hi properties (Matthews, van Driel, & Monnier-Ragaigne 2 0111)1 . 
Those objects which were observed in our survey which have published velocities but which were not detected are 
given upper limits to their flux equal to 3a x {W2q), where {W20) = 300 km s~^. These objects are shown as arrows 
in the left plot. 
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Fig. 9. Velocity width (corrected for inclination) (left) and Hi gas mass (right) versus Mhi/^b for all the galaxies in 
our LSB UGC sample. Those objects which were observed in our survey which have published velocities but which 
were not detected are given upper hmits to their flux equal to 3a x (VF20), where (W20) — 300 km s^^. These objects are 
shown as arrows in the plots. In the plot on the left, the inclination correction applied is simply W2o'''^ = W2o/sin(i). 
To avoid over-correction, any inclination less than 30° has been set to 30° for the purpose of this correction. Note 
that the extremely high values of Wjq'^'' may be due to an underestimate of the galaxy's inclination (see Figure 0J. In 
addition, the extremely high values for Mhi/I^b are likely due to underestimates of Lg in the UGC catalog, a result 
of the galaxies' LSB nature. 
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Fig. 10. Distance (H£-^;u.) plotted against total Hi mass for all the galaxies in the total UGC LSB galaxy discussed 
herein (Section 2). For comparison, objects found in the two Arecibo bhnd Hi surveys (Rosenberg & Schneider 120001 

mm 



Zwaan et al. I1997|l and the Giovanelli & Haynes H1993|l CGCG survey are also plotted. The gray line on the plots 
indicates the approximate survey limit for our observations, where the line thickness represents the varying sensitivities 
and velocity widths found herein. Finally, the diagonal lines show the primary regions affected by RFI. On the left the 
individual data points are shown, and the 16 other massive LSB galaxies with published Hi masses (from Matthews 
et al. 120011 and Sprayberry et al. 11995(1 are also plotted. On the right, the mean values for the various surveys are 
plotted, with 25 Mpc bins. Note the data points in each bin are offset in the in the x-direction for clarity - the points 
should lie over the red symbols. 
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W2o'^'' may be due to an underestimate of the galaxy's inclination (see Figure 0J . 



by a factor of 3. Combining our results with all previous 
21-cm observations of the Bothun et al. H1985|l UGC LSB 
galaxy list results in a final catalog of 526 LSB galaxies, 
with properties ranging across the known gamut of disk 
system properties, including numerous extremely gas-rich 
galaxies with Mhi/Lb > 10 Mq/Lq^b- Comparing the 
properties of these galaxies with those found in similar 
Hi surveys of HSB galaxies surveys shows the curious 
fact that while the mean Mhi/I^b value increases with 
decreasing surface brightness, the Mffj/Mdyn ratio does 
not. This raises the (currently unanswered) question of 
whether or not star formation is significantly affected by 
the low density environment found within LSB galaxies. 

With this catalog in hand, we can now ask the question 
- What do we gain by continuing to look for and study 
massive LSB systems? The answer to this question is (at 
least) threefold. 

First, as massive LSB galaxies are significant reposito- 
ries of baryonic (and dark) matter (Pickering et al. 1997, 
1999; Walsh et al. lTMTI Pickering et al. lTM7|l . determin- 
ing both the number density and distribution of these ob- 
jects could provide considerable insight into the overall 
distribution of matter in the Universe. While the survey 
described herein cannot determine the number density of 
massive LSB galaxies, it does show that there are more of 
these objects in the Universe than previously known, and 
determining the density and distribution of these massive 



objects will allow for a better understanding of the cos- 
mological distribution of mass throughout the universe. 

In this respect, it is vital here to point out the effect 
surveys such as this one have on determining the LSB 
galaxy contribution to baryon density. Because of their 
perceived morphology on photographic plates lacking the 
sensitivity to show their outer disks, and their previous 
lack of detection in HI, all of the massive LSB galax- 
ies detected in our catalog were previously believed to be 
dwarf systems with little to no H I mass. As a result, our 
detections are not merely adding a few massive LSB galax- 
ies to the number counts, but moving galaxies from being 
listed as extremely low mass to extremely high mass sys- 
tems, and thus shifting the distribution of masses in the 
luminosity function. 

Second, and equally important, massive LSB galaxies 
provide a unique insight into galaxy evolution studies as a 
whole. Because massive LSB galaxies reside at an extreme 
end of the mass and density distribution of galaxies, any 
model that wishes to describe galaxy evolution must be 
able to account for them. And, as massive LSB galaxies 
appear to be undeveloped in at least some aspects, when 
compared to HSB galaxies (e.g., their higher than average 
M////Lb ratios and often sparse H-a emission - Pickering 
et al. ll997|l . studies of massive LSB galaxies, and of LSB 
galaxies in general, offer a look into a different aspect of 
galaxy formation than those of HSB galaxies. 
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Third, it has been shown that if LSB galaxies are as 
common as HSB galaxies, then they may be one of the pri- 
mary causes for Lyman-a absorbers in the local Universe 
(Linder 1998, 2000). As a result, knowing the density of 
massive LSB galaxies could lead to a allow for consider- 
ably better understanding of the nature of Lyman-a ab- 
sorption lines. This would allow us to construct a more 
complete picture of the large-scale gas distribution in the 
Universe, as well as providing insight into galaxy forma- 
tion processes. 

At this point it is clear that we do not yet have an an- 
swer regarding the number density of massive LSB galax- 
ies, as the blind surveys done to date (both optical, near- 
infrared and H l) have not yet probed to sufficient sensitiv- 
ity to allow this question to be answered. Clearly there is a 
dearth of such objects in the z<0.01 Universe, just as there 
is a shortage of all massive galaxies in that region. What is 
significant, though, is that as increasingly sensitive instru- 
ments become available, the number of LSB and massive 
LSB galaxies known continues to increase. (Notably, in a 
survey similar to ours, Schwortz et al. 1)2004(1 found an- 
other 9 massive LSB galaxies.) However, as the nature of 
pointed surveys such as the one described herein prevents 
them from providing an unbiased view into the number 
density of various galaxy types, we can only use these sur- 
veys to get a glimpse into what may be out there. The 
true number density of massive LSB galaxies will likely 
not be known until an extremely sensitive, large scale 
survey is undertaken, such as may be possible with the 
Arecibo L-band Feed Array (ALFA) or, ultimately, the 
Square Kilometre Array (SKA). 
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Appendix A: Notes on Individual Galaxies 

a. UGC 00134: This detection is likely UGC 00132, which at 
vhel ~ 1666 km s^^ and 4.'0 away is within the Nangay 
beam. 



b. UGC 02641: ARK 099, at vhel = 7080 km s"^ and 1.'4 

away, is within the Arecibo beam. Both UGC 02641 and 
ARK 099 are of late (S?) morphological type and neither 
have published Hi spectra. It is likely that both galaxies 
contribute to the observed H I spectra. 

c. UGC 03225, UGC 3790: These objects are listed in NED as 

galaxy pairs. 

d. UGC 04496: NRGb 004.06, at vhel = 8730 km s^^ and 

O.'l away, is within the Arecibo beam. It is likely that both 
galaxies lie within the observed H I spectra. 

e. UGC 05769, UGC 05770 Both of these galaxies lie within 

the observed H I spectra. 

f. UGC 06947: CGCG 127-113, at yhel = 9106 km s"^ and 

4.'2 away, is still within the first Arecibo side lobe. However, 
CGCG 127-113 is classified as an EO galaxy and so is un- 
likely to contribute much (if any) gas to the Hi spectra 
measured for UGC 06947. 

g. UGC 07437: This object is a galaxy pair with one galaxy at 

Vhel = 19669 km s~^ and the other at 19319 km s~^. It is 
doubtful that the smaller member of the pair (UGC 07437- 
01) is contributing significantly to the observed spectra, 
though, as it is classified as an E galaxy while UGC 07437 
is an Sbc galaxy. 

h. UGC 07438: NGC 4308, at vhel = 624 km s"^ and 5.'l 
away, could lie within the first side lobe of the Arecibo 
beam. NGC 4308 is classified as an E galaxy, though, and 
so is likely not contributing significantly to the total H I gas 
found. 

i. UGC 08637: UGC 08637 is listed as a galaxy pair within 
NED. However, no velocity is given for its companion and 
no evidence is visible within UGC 08637's spectra for con- 
tamination from another galaxy. 

j. UGC 09010: UGC 09010 has two companions which could 
be contaminating the observed spectra - UGC 09012 at 
VHEL^7483 km s"^ and 3.'2 away and MCG -1-05-33-050 
at Vhel ~ 7628 km s^^ and 4.'l away. Both companion 
galaxies fall within the Arecibo beam and first side lobe. 
MCG +05-33-050 is classified as a SO galaxy and is not 
likely contributing significantly to the observed Hi flux. 
UGC 09012, though, is a large, bright, spiral galaxy which 
probably has considerably contaminated the observed flux. 

k. UGC 09238: This galaxy has a companion galaxy, UGC 
09235 at vhel ~ 2973 km s^^ and only 1.'9 away, well 
within the Arecibo beam. It is likely that UGC 09235 is 
the reason for the apparently lopsided spectra seen for UGC 
09238. 

1. UGC 09513: UGC 09515 lies at 14011 km s"^ and 3.'0 from 
UGC 09513. UGC 09515 is listed as an S? galaxy, and could 
contain enough Hi mass to considerably contaminate the 
Hi flux found for UGC 09513. 

m. UGC 10674: is not listed as either being a galaxy pair 
or having a companion within 50'. However, the spectra 
clearly shows two separate profiles. 

n. UGC 11696: UGC 11694 is part of a galaxy group which 
also contains UGC 11696 {vhel = 5018 km s^^, distance 
= 6.'3, UGC 11700 {vhel = 5036 km s"\ distance = 11.'3), 
CGCG 426-015 {vhel = 5031 km s-\ distance=13.'4), and 
UGC 11697 {vhel = 5086, distance = 23.'4). As this galaxy 
was observed with the Nangay telescope, it is likely to be 
contaminated by one or more of UGC 11694's companions. 
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Table 2. Observed Galaxies 



Galaxy 


RA 


Dec 


Search Range 


O" 


resolution 


Tel. 


RFI t 




[J2000] 


[J2000] 


kms^ 


[mjy] 


km s" 






UGC 00126 


00:13:44.7 


14:36:25 


31,745 - -970 


0.42 


26 


A 


o,p,q,s 


UGC 00134 


00:14:04 


12:53:46 


3,297 - -1769 


3.2 


17 


N 




UGC 00189 


00:19:58 


15:05:31 


10,151 - 5,085 


1.7 


17 


N 




UGC 00266 


00:27:22.8 


10:50:54 


31,745 - -970 


0.48 


26 


A 


o,q 


UGC 00293 


00:29:19.8 


26:24:35 


31,745 - -970 


0.77 


26 


A 


o,p,q,s 


UGC 00424 


00:39:50.1 


20:31:04 


31,745 - -970 


0.62 


26 


A 


h,o,p,q 


UGC 00667 


01:04:58 


05:39:10 


8,619 - 3,553 


1.9 


17 


N 




UGC 00795 


01:14:56.3 


12:22:51 


31,745 - -970 


0.41 


26 


A 


o,p,q,s,t 


UGC 01122 


01:34:19.6 


29:15:52 


31,745 - -970 


0.42 


26 


A 


h,o,q 


UGC 01362 


01:53:51 


14:45:51 


10,451 - 5,385 


0.46 


17 


N 




UGC 02299 


02:49:08 


11:07:11 


12,786 - 7,720 


2.8 


17 


N 




UGC 02580 


03:11:33.4 


06:42:16 


31,745 - -970 


0.36 


26 


A 


h,o,p,q,s,t 


UGC 02588 


03:12:26.7 


14:24:30 


31,745 - -970 


1.2 


26 


A 


h,j,k,I,m,o,q,t 


UGC 02641 


03:17:12.8 


03:35:58 


31,745 - -970 


0.35 


26 


A 


h,o,p,q,r,s 


UGC 02671 


03:19:24 


08:07:24 


9,660 - 4,594 


0.26 


17 


N 




UGC 02741 


03:26:49 


07:07:29 


13,535 - 8,469 


2.6 


17 


N 




UGC 02796 


03:36:53 


13:24:24 


11,609 - 6,543 


2.2 


17 


N 




UGC 02797 


03:37:33.6 


23:17:35 


31,745 - -970 


0.51 


26 


A 


h,o,p,q,r,s 


UGC 02856 


03:46:30 


15:24:39 


11,266 - 6,200 


9.2 


17 


N 




UGC 03119 


04:39:08 


11:31:49 


10,384 - 5,318 


2.7 


17 


N 




UGC 03225 


04:59:24.5 


12:46:00 


31,745 - -970 


0.36 


26 


A 


o,p,q,s 


UGC 03308 


05:26:01.8 


08:57:25 


9,836 - 7,198 


1.2 


6.5 


A 




UGC 03585 


06:53:33.9 


27:18:32 


11,854 - 9,216 


1.4 


6.5 


A 




UGC 03710 


07:09:32.0 


28:39:39 


8,988 - 6,350 


0.44 


6.5 


A 




UGC 03790 


07:18:30.3 


31:22:30 


4,757 - 2,119 


0.69 


6.5 


A 




UGC 04109 


07:56:16.7 


11:39:44 


15,071 - 12,433 


0.40 


6.5 


A 




UGC 04131 


07:59:11.8 


31:48:29 


38,500 - -548 


0.48 


26 


A 


a,b,d,f,g,i,k-o,q 


UGC 04144 


07:59:27.4 


07:26:37 


38,500 - -548 


0.32 


26 


A 


a,b,d-h,k-o,q 


UGC 04288 


08:14:35.8 


19:21:07 


31,745 - -970 


0.49 


26 


A 


o,p,q,s,t 


UGC 04496 


08:36:36.3 


25:08:12 


31,745 - -970 


0.58 


26 


A 




UGC 04831 


09:11:35.5 


32:50:55 


5,360 - 2,992 


0.42 


6.5 


A 




UGC 05009 


09:24:44.6 


20:01:45 


5,596 - 2,958 


0.41 


6.5 


A 




UGC 05211 


09:44:39.0 


-00:13:17 


7,836 - 5,198 


0.51 


6.5 


A 




UGC 05361 


09:59:00.8 


25:12:08 


31,745 - -970 


0.58 


26 


A 


h,o,p,q,s,t 


UGC 05440 


10:05:36.2 


04:16:23 


31,745 - -970 


0.42 


26 


A 


h,o,p,q,s,t 


UGC 05583 


10:20:35.1 


25:23:01 


31,745 - -970 


0.83 


6.5 


A 




UGC 05592 


10:21:32.7 


22:32:47 


31,745 - -970 


0.88 


26 


A 




UGC 05679 


10:28:52.8 


26:20:11 


7,807 - 5,169 


0.52 


26 


A 




UFC 05770 


10:28:52.8 


26:20:11 


7,807 - 5,169 


0.52 


26 


A 




UGC 05710 


10:31:27.2 


24:08:34 


31,745 - -970 


0.73 


26 


A 


i,m,o,p,q,s,t 


UGC 05743 


10:34:48.8 


25:32:40 


31,745 - -970 


1.2 


26 


A 




UGC 05769 


10:37:02.7 


20:25:54 


31,745 - -970 


0.45 


26 


A 




UGC 05785 


10:38:26.0 


30:08:41 


7,684 - 5,046 


0.56 


6.5 


A 




UGC 05790 


10:39:04.7 


04:38:51 


31,745 - -970 


0.48 


26 


A 


j,m,o,p,q,s,t 


UGC 05801 


10:39:52.7 


21:50:42 


31,745 - -970 


0.49 


26 


A 


j,m,o,p,q,s 


UGC 05828 


10:42:30.5 


15:45:52 


31,745 - -970 


0.78 


26 


A 


j,l 


[OBC97]N02-2 


10:42:33.2 


24:41:35 


31,745 --970 


0.47 


26 


A 


j,m,o,p,q,t 


[OBC97]N02-3 


10:44:07.0 


24:42:32 


31,745 - -970 


0.82 


26 


A 


j,m,o,p,q,t 


UGC 05930 


10:49:34.9 


21:59:36 


31,745 - -970 


0.86 


26 


A 




UGC 06031 


10:55:00.6 


29:32:36 


31,745 --970 


0.97 


26 


A 




UGC 06124 


11:03:39.5 


31:51:30 


31,745 - -970 


0.64 


26 


A 


j,o,P,q,s 


UGC 06243 


11:12:24.4 


31:24:41 


31,745 - -970 


0.47 


26 


A 


j,m,o,p,q,s 


UGC 06300 


11:17:16.9 


16:19:37 


31,745 - -970 


0.49 


26 


A 


j,o,P,q,s 


UGC 06401 


11:23:19.1 


13:37:47 


2,061 - -577 


0.62 


6.5 


A 




UGC 06524 


11:13:30.0 


23:10:37 


31,745 - -970 


0.97 


26 


A 


t 


UGC 06425 


11:24:44.8 


23:36:54 


8,064 - 5,426 


0.74 


6.5 


A 




UGC 06425 


11:24:45 


23:36:54 


9,278 - 4,212 


2.0 


17 


N 
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Table 2. Observed Galaxies, cont. 



Galaxy 


RA 


Dec 


Search 


Range 


a 


resolution 


Tel. 


RFI t 




[J2000] 


[J2000] 


kms^ 


L] 


[mjy] 


km s^ 






UGC 06557 


11:35:07.5 


29:53:27 


31,745 


--970 


0.54 


26 


A 


j,o,p,q,s,t 


UGC 06659 


11:42:07.3 


32:32:21 


31,745 


--970 


0.47 


26 


A 


j,l,in,o,p,q,s 


UGC 06748 


11:46:24.3 


35:43:42 


31,745 


--970 


1.3 


26 


A 


J,o,P,q,s 


UGC 06842 


11:52:12.4 


34:47:39 


31,745 


--970 


1.6 


26 


A 


l,q 


UGC 06897 


11:55:36.4 


09:46:54 


7,843 - 


5,205 


1.1 


6.5 


A 




UGC 06913 


11:56:15.1 


17:01:44 


8,119 - 


5,481 


1.2 


6.5 


A 


u 


UGC 06947 


11:57:56.8 


22:11:26 


31,745 


--970 


0.74 


26 


A 


s 


[OBC97]N10-2 


11:58:42.0 


20:34:43 


31,745 


--970 


0.41 


26 


A 




UGC 07084 


21:22:01.5 


07:08:43 


31,745 


--970 


1.3 


26 


A 


u 


UGC 07342 


12:18:30.8 


05:55:35 


31,745 


--970 


1.3 


26 


A 


iJ,m,o,p,q,s 


UGC 07369 


12:19:38.7 


29:53:00 


1,544 - 


-1,094 


0.62 


6.5 


A 




UGC 07388 


12:20:13.8 


33:39:55 


31,745 


--970 


1.4 


26 


A 


j,m,o,p,q,s,t 


UGC 07425 


12:21:53.6 


15:38:46 


31,745 


--970 


1.0 


26 


A 


in,o,p,q,t,u 


UGC 07437 


12:22:19.5 


28:49:54 


31,745 


--970 


0.89 


26 


A 


q 


UGC 07438 


12:22:19.8 


30:03:48 


31,745 


--970 


0.51 


26 


A 


j,m,o,p,q,s 


UGC 07457 


12:23:09.8 


29:20:58 


31,745 


--970 


0.85 


26 


A 


m,o,p,q,t,u 


UGC 07598 


12:28:30.9 


32:32:51 


10,360 


- 7,722 


1.0 


6.5 


A 




UGC 07630 


12:29:43.8 


11:24:09 


31,745 


--970 


1.3 


26 


A 




UGC ovvro 


12:36:17.0 


20:59:55 


31,745 


--970 


1.0 


26 


A 


q 


UGC 07928 


12:45:09.2 


23:02:21 


31,745 


--970 


0.87 


26 


A 


s,u 


UGC 07929 


12:45:20.8 


21:25:37 


31,745 


--970 


1.2 


26 


A 




UGC 07934 


12:45:38.7 


35:05:01 


31,745 


--970 


0.76 


26 


A 


j,o,p,q,t 


UGC 08081 


12:58:09.0 


14:51:32 


31,745 


--970 


0.70 


26 


A 




UGC 08171 


13:04:39.8 


18:25:29 


20,716 


- 18,078 


1.2 


6.5 


A 




UGC 08311 


13:13:50.7 


23:15:17 


4,771 - 


2,133 


0.69 


6.5 


A 


V 


UGC 08637 


13:39:36.6 


06:10:09 


31,745 


--970 


0.83 


26 


A 




UGC 08644 


13:40:01.5 


07:21:55 


38,500 


--548 


2.3 


26 


A 


f,g,m,o,p,q,r,v 


UGC 08762 


13:51:00.8 


24:05:27 


4,714 - 


2,076 


0.64 


6.5 


A 




UGC 08799 


13:53:19.9 


05:46:17 


31,745 


--970 


0.90 


26 


A 


q 


UGC 08802 


13:53:08.1 


35:42:41 


31,745 


--970 


0.77 


26 


A 


i,m,o,q 


UGC 08904 


13:58:51.1 


26:06:24 


31,745 


--970 


0.51 


26 


A 


i,in,o,p,q,t 


UGC 09008 


14:05:01.8 


11:00:42 


5,665 - 


3,027 


0.44 


6.5 


A 




UGC 09010 


14:05:20.4 


30:48:42 


8,650 - 


6,012 


0.63 


6.5 


A 




UGC 09238 


14:24:47.9 


35:16:29 


31,745 


--970 


0.78 


26 


A 


i,m,o,p,q 


UGC 09243 


14:25:33.2 


33:50:52 


4,636 - 


1,998 


1.3 


6.5 


A 




[OBC97]A01-1 


14:27:07.4 


25:47:04 


31,745 


--970 


0.80 


26 


A 


j,m,o,q,s 


UGC 09513 


14:46:09.3 


13:01:45 


15,102 


- 12,464 


0.83 


26 


A 




UGC 09676 


15:03:30.6 


27:49:30 


4,203 - 


1,565 


0.83 


6.5 


A 




UGC 09680 


15:04:02.1 


18:38:56 


31,745 


--970 


0.51 


26 


A 


i,in,o,p,q,t 


UGC 09767 


15:12:48 


07:26:02 


16,216 


- 11,150 


3.1 


17 


N 




UGC 09770 


15:13:22.3 


25:11:50 


31,745 


--970 


0.72 


26 


A 


i,o,p,q,s,t 


UGC 10217 


16:07:40 


22:20:31 


15,964 


- 10,898 


0.44 


17 


N 




UGC 10365 


16:24:05.9 


04:41:58 


31,745 


--970 


0.64 


26 


A 


j,l,in,o,p,q,t 


UGC 10377 


16:25:01.7 


23:04:12 


31,745 


--970 


0.55 


26 


A 


j,l,m,o,p,q,t 


UGC 10673 


17:03:08.6 


29:51:50 


31,745 


--970 


0.56 


26 


A 


j,l,m,o,p,q,s 


UGC 10674 


17:03:40 


09:17:50 


13,030 


- 7,964 


1.2 


17 


N 




UGC 11396 


19:03:49.5 


24:21:28 


38,500 


--548 


0.50 


26 


A 


b,o,q 


UGC 11569 


20:28:47.8 


10:38:02 


38,500 


--548 


0.81 


5.2 


A 


b,m,o,q 


UGC 11625 


20:45:57 


28:31:56 


17,103 


- 12,037 


2.4 


17 


N 




UGC 11654 


20:58:12.1 


04:28:39 


38,500 


--548 


1.4 


26 


A 


b,in,o,q,r 


UGC 11694 


21:11:52 


11:16:42 


7,598 - 


2,532 


1.1 


17 


N 




UGC 11742 


21:26:26.3 


02:03:02 


38,500 


--548 


1.9 


26 


A 


a-c,e-h,k-r,v 


UGC 11840 


21:53:18 


04:14:53 


10,519 


- 5,453 


5.2 


17 


N 




UGC 12021 


22:24:12 


06:00:13 


7,005 - 


1,939 


1.4 


17 


N 




UGC 12189 


22:48:06 


03:55:41 


15,274 


- 10,208 


8.2 


17 


N 




UGC 12359 


23:06:05 


14:52:02 


13,236 


-8,170 


3.0 


17 


N 





O'Neil et al.: Tripling the Number of Massive LSBGs 
Table 2. Observed Galaxies, cont. 



19 



Galaxy 


RA 

[J2000] 


Dec 

[J2000] 


Search Range 

kms^ 


[mJy] 


resolution 

km s^^ 


Tel. 


RFI t 


UGC 12424 
[OBC97] P06-6 


23:13:11 
23:44:07.9 


10:46:20 
09:13:40 


13,155 - 8,098 
31,745- -970 


4.8 
0.4 


17 
6.5 


N 
A 


li,o,p,q,s 



1240 MHz (38,077 km s 



fRFI (±2.5 MHz, ±260 km s"^) 

c. 1257 MHz (34,489 km s"^); d. 1258 MHz (34,278 km s 
f. 1267 MHz (32,378 km s^^); g. 1276 MHz (30,478 km s"^ 
i. 1283 MHz (29,001 km s"^); j. 1290 MHz (27,524 km s"^; 
1. 1303 MHz (24,780 km s"^); m. 1312 MHz (22,880 km s" 
o. 1330 MHz (19,081 km s"^); p. 1340 MHz (16,971 km s"- 



r. 1358 MHz (13,171 km s" 



1370 MHz (10,639 km s~ 



"^); b. 1246 MHz (36,810 km s"^) 
; e. 1265 MHz (32,800 km s"^); 

h. 1278 MHz (30,056 km s"^); 
k. 1294 MHz (26,679 km s"^); 
; n. 1320 MHz (21,119 km s"^); 
; q. 1350 MHz (14,860 km s"^); 

t. 1381 MHz (8,317 km s"^) 
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Table 3. H 1 Properties of Detected Galaxies 



Galaxy 


vhel 


W20 


W50 


/flux 


log(^) 


Vlitt 


Notes 




km s^ 


km s^ 


km s" 


Jy km. s^ 




km. s^ 


t 


UGC 0134 


1684 


157 


141 


2.44 


8.5 


764^ 


a 


UGC 0189 


7614 


197 


186 


2.37 


9.8 


76181 




UGC 0667 


6080 


232 


216 


1.86 


9.5 


6086^ 




UGC 1122 


21667 


258 


241 


1.68 


10.6 


6086' 




UGC 2299 


10235 


151 


134 


2.81 


10.1 


10253' 




UGC 2580 


9233 


270 


236 


1.15 


9.7 






UGC 2588 


10093 


216 


200 


1.69 


9.9 






UGC 2641 


7044 


356 


338 


0.97 


9.4 




b 


UGC 2671 


7123 


218 


170 


0.30 


8.8 


7127' 




UGC 2741 


10985 


64 


48 


1.59 


9.9 


11002' 




UGC 2796 


9061 


512 


481 


6.91 


10.4 


9076' 




UGC 03119 


7840 


469 


430 


3.81 


10.0 


7851' 




UGC 3225 


11577 


551 


514 


1.47 


10.0 




c 


UGC 3308 


8517 


136 


119 


5.56 


10.3 






UGC 3585 


10313 


317 


282 


3.56 


10.3 


7685^10535^ 




UGC 3790 


3459 


251 


217 


2.91 


9.2 


3438' 


c 


UGC 4109 


13696 


347 


326 


2.44 


10.3 


13736^ 13752^ 




UGC 4131 


17719 


470 


429 


2.12 


10.5 






UGC 4144 


9795 


494 


458 


1.72 


9.9 






UGC 4288 


30223 


558 


520 


2.54 


11.0 






UGC 4496 


8681 


523 


494 


1.09 


9.6 


8666'' 


d 


UGC 4831 


4318 


163 


146 


3.41 


9.5 


4311^ 




UGC 5009 


4273 


213 


180 


3.01 


9.4 


4277^ 




UGC 5211 


6490 


314 


297 


4.20 


9.9 


6517^ 




UGC 5440 


18932 


531 


504 


3.38 


10.8 






UGC 5592 


7254 


296 


280 


3.05 


9.9 






UGC 5679 


6496 


228 


209 


2.43 


9.7 


6488" 




UGC 5743 


5159 


278 


256 


2.90 


9.6 






UGC 5769 


12973 


317 


160 


2.05 


10.2 




6 


UGC 5770 


12628 


285 


255 


0.95 


9.9 


12638^ 


6 


UGC 5785 


6366 


281 


267 


3.75 


9.9 


63652 




UGC 5801 


16632 


456 


438 


1.48 


10.3 






UGC 5828-01 


15107 


552 


539 


1.65 


10.3 


14989" 




UGC 5828-02 


14617 


258 


217 


1.60 


10.2 


14608" 




UGC 5930 


13222 


265 


228 


2.03 


10.2 






UGC 6031 


14504 


560 


525 


4.69 


10.7 


14470' 




UGC 6124 


13970 


613 


583 


2.19 


10.3 






UGC 6243 


12380 


254 


218 


0.76 


9.7 






UGC 6300 


1070 


96 


77 


0.72 


7.6 






UGC 6401 


888 


69 


53 


0.35 


7.1 


742" 




UGC 6425 


6753 


287 


274 


3.28 


9.9 


6745" 




UGC 6524 


6214 


270 


238 


3.07 


9.8 






UGC 6525-01 


6061 


126 


103 


1.21 


9.3 


6055^6079" 




UGC 6525-02 


6816 


201 


154 


1.26 


9.4 






UGC 6557 


13880 


350 


330 


0.83 


9.9 






UGC 6748 


10775 


282 


250 


2.56 


10.2 






UGC 6842 


18807 


433 


414 


1.65 


10.4 






UGC 6897 


6525 


255 


235 


4.57 


10.0 


6524' 




UGC 6913 


6795 


468 


446 


4.33 


10.0 


6800" 




UGC 6947 


9253 


400 


375 


3.01 


10.1 




f 


UGC 7388 


6461 


471 


439 


3.05 


9.8 






UGC 7437 


19597 


539 


499 


2.13 


10.6 


19669' 


g 


UGC 7438 


691 


109 


95 


0.30 


6.8 




h 


UGC 7598 


9054 


192 


166 


5.75 


10.4 


9041' 




UGC VVVO 


8308 


444 


424 


6.42 


10.3 






UGC 7934 


9682 


449 


430 


3.65 


10.2 






UGC 8171 


19513 


152 


119 


2.85 


10.7 


19397' 
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Galaxy 


vhel 


W20 


W50 


/flux 


log(^) 


Vlitt 


Notes 




km s^ 


km s^ 


km s^ 


Jy km s^ 




km s^ 


t 


UGC 8311 


3493 


266 


202 


2.85 


9.2 


3452^ 




UGC 8637 


6958 


147 


129 


4.39 


10.0 


6970^ 




UGC 8644 


6983 


152 


142 


1.05 


9.4 






UGC 8762 


3407 


181 


166 


5.71 


9.5 


3395' 




UGC 8802 


12342 


417 


396 


3.80 


10.4 






UGC 8904 


9773 


300 


278 


4.63 


10.3 






UGC 9008 


5348 


162 


147 


2.67 


9.6 


4346^ 




UGC 9010 


7350 


206 


188 


2.15 


9.7 


7331' 


J 


UGC 9238 


3348 


220 


201 


0.95 


8.7 


3373"^ 


k 


UGC 9243 


3339 


215 


201 


4.25 


9.4 


3317' 




UGC 9513 


13926 


242 


213 


1.34 


10.1 


13783^ 


1 


UGC 9676 


2887 


176 


175 


3.78 


9.2 


2884' 




UGC 9680 


14572 


549 


504 


1.75 


10.3 






UGC 10674-1 


10384 


156 


136 


0.78 


9.6 


10497^ 


m 


UGC 10674-2 


10745 


111 


61 


1.03 


9.8 


10497^ 


m 


UGC 11396 


4441 


297 


281 


2.48 


9.4 






UGC 11569 


4444 


222 


204 


1.54 


9.2 






UGC 11694 


4995 


-10 


502 


1.90 


9.4 


5065^5127^ 


n 


UGC 11742 


14559 


188 


163 


0.90 


10.0 






UGC 12021 


4472 


275 


259 


6.74 


9.8 


4472^45022 




[OBC97] Al-1 


13891 


262 


242 


1.16 


10.0 






[OBC97] N2-2 


13118 


358 


341 


1.21 


10.0 






[OBC97] N2-3 


13105 


360 


345 


1.19 


10.0 






[OBC97] NlO-2 


20680 


440 


416 


1.12 


10.4 







t Velocity Measurements; 

'Velocity is taken from NED or from Bottinelli et al. (|1990^ . 

For these galaxies, no information other than the velocity is available from this catalog. 



Optical velocity is from the Updated Zwicky 



(Falcoet al. HM^ . 



TM7t 



■^Optical velocity is from the CfA redshift survey (Markze, Huchra, & Geller 0*9961 Huchra, Vogeley, 

& Geller cnnni 

''21-cm velocity is from Giovanelli, Avera, & Karachentsev 
^21-cm velocity is from Giovanelli et al. l(T997t 
•^H-a velocity from Mathewson, & Ford lll996t 
ifGalaxy notes are given in Appendix A. 



